The construction industry is a major economic sector, but it is plagued with inefficiencies and low productivity. Robotics and automated systems have the potential to address these shortcomings; however, the level of adoption in the construction industry is very low. This paper presents an investigation into the industry-specific factors that limit the adoption in the construction industry. A mixed research method was employed combining literature review, qualitative and quantitative data collection and analysis. Three focus groups with 28 experts and an online questionnaire were conducted. Principal component and correlation analyses were conducted to group the identified factors and find hidden correlations. The main identified challenges were grouped into four categories and ranked in order of importance: contractor-side economic factors, client-side economic factors, technical and work-culture factors, and weak business case factors. No strong correlation was found among factors. This study will help stakeholders to understand the main industry-specific factors limiting the adoption of robotics and automated systems in the construction industry. The presented findings will support stakeholders to devise mitigation strategies.
Introduction
The construction industry is one of the most important economic sectors across the world [13, 44] . The spending in construction represents between the 9%-15% of GDP in most countries [72] ; and up to half of nation's investment can be allocated to the built environment [72] . Despite its huge economic importance, the construction industry is beset with inefficiencies. Productivity in many sectors has been increasing steadily in the last five decades; however, productivity in the construction industry has barely increased, and it may have even decreased [50] .
Robotics and automated systems have the potential to revolutionise and provide many advantages to the construction industry and to the Architecture, Engineering and Construction (AEC) area as a whole (e.g. Refs. [38, 39, 77] . Construction is a labour-intensive sector. Robotic systems and automation have proved to be very effective in other sectors for reducing labour costs while improving productivity and quality (e.g. Refs. [35, 45, 47] . Moreover, robotic systems can reduce injuries and free workers from conducting dangerous tasks [17] . [12] argues that conventional construction methods have reached their limits and that automation and robotics technologies have the potential to address the productivity challenges of the construction industry.
Robotics systems for construction were developed since the 1960s and 1970s at the same time when other industries started their automation, e.g. the automotive industry [12] ; however, the adoption of robotics in the construction industry has been very slow [54] . note that the degree of automation in construction lags other industries. A research study [70] with 11 large construction companies and government agencies in Europe reports that while companies perceive that robotics and automated systems will improve productivity and health and safety, there are significant risks to adoption including high costs for implementation and high commercial and technical risks [13] . also notes that the construction industry has been slow to adopt not only robotics but new technologies in general; but [13] , argues that automation and robotics are affecting the sector as a whole significantly and that they will play an active role on the future developments of the industry. Other technological developments like the Industry 4.0 paradigm, Building Information Modelling (BIM), sensing technologies, and artificial intelligence (e.g. Refs. [24] [25] [26] have the potential to drive the adoption of robotics in the construction industry as well [72, 86] .
While robotic and automated systems for construction have been developed since the 1960s, and there are many applications for their use in the construction industry [57] . There are still many factors that limit the adoption of robotics in the construction industry, and there have been insufficient research efforts to address them. For example [64] , presented a detailed study on the barriers affecting the adoption of Robotics in Japan, Malaysia and Australia. However, very few other research has been reported in literature [92] . have identified the significant challenges facing the future development of the robotics field in general. The authors note that while there is a big potential for robotics in the construction industry, domain-specific challenges have not been thoroughly investigated. The low levels of adoption indicate that there is a clear need for up-to-date studies and additional discussions on the factors that limit adoption. This study seeks to cover this gap with a systematic investigation of industry-specific challenges for adopting robotics in the construction industry. The objectives of this study are:
(1) To identify, categorise, and rank the most important challenges that are limiting the adoption of robotics in the construction industry. (2) To understand the expectations of stakeholders regarding the adoption of robotics in the construction industry.
In order to achieve these objectives, a literature review of challenges and limitations was carried out; then, a qualitative study was conducted using focus group discussions to understand the stakeholders view on the subject. Lastly, a quantitative analysis was performed to rank the identified factors limiting the adoption of robotics in the construction industry.
Robotics and automated systems in construction
This section presents a brief overview of the different types of robotic and automated systems used in the construction industry. These systems are varied, and there is no consensus regarding a defined categorisation. The lines between categories are constantly moved or blurred by new developments in technologies. The categorisation presented here intends to facilitate the understanding of a very complex and varied technology landscape and to provide the reader with a quick overview of the different types of systems. The categorisation presented here is partly based on the work by Ref. [12] .
The types of automation and robotic technologies for construction can be grouped in four general categories (see Table 1 ): (1) Off-site prefabrication systems, (2) On-site automated and robotic systems, (3) Drones and autonomous vehicles, and (4) Exoskeletons. The first construction robots were developed in Japan to increase the quality of building components for modular homes [11] . (Category 1: Off-site prefabrication systems). The adoption of these robots was the result of the successful use of robots in the automotive manufacturing sector in Japan. Later, construction robots started appearing on construction sites, and automated construction sites systems were developed (Category 2: On-site automated and robotic systems) [11] . The latest developments have been robots and autonomous vehicles for inspection, monitoring, maintenance, etc. (Category 3: Drones and autonomous vehicles). Lastly, exoskeletons are wearable mechanical devices that augment the capabilities of the user. Note, that exoskeletons are not strictly a robotic system, because they augment the capabilities of the worker instead of replacing it altogether. However, it was decided to include exoskeletons here because this study focuses on all hardware technologies that improve construction activities. Also, in the future, this distinction will not be as clear cut. For example, exoskeletons require a high degree of automation and a considerable potential exists on human-robot collaboration [1, 92] . In this sense, before construction sites are entirely devoid of human workers, it can be expected that robots, automated systems and augmented workers will work together seamlessly.
Off-site automated prefabrication systems
This category includes various technologies that produce building components at off-site locations in an automated manner. The main objective of these systems was to improve the quality of prefabricated building components and took inspiration from the use of robots in other manufacturing sectors. According to Ref. [12] ; these technologies include building component manufacturing (BCM) approaches, which transform materials (concrete, bricks, wood, steel, etc.) and low-level components into high-level building components. For example, concrete prefab elements, steel trusses, wood structural elements, wall, floor and roof sections, etc. There are also large-scale prefabrication (LSP) approaches, which combine high-level building components into finished entire building modules (e.g. bath or kitchen modules). This category also includes additive manufacturing techniques, also known as 3D printing. There is a large number of publications reported in literature regarding the use of additive manufacturing techniques in the construction industry. The prospects, challenges and benefits of 3D-printing technologies for the construction industry have been widely reported in literature [76, 85] . The main challenges identified include the development of appropriate materials and the lack of understanding of the material mechanical performance [91] . Various potential applications have been identified, ranging from the creation of optimised and customised building parts to in-situ repairs [28] . Additive manufacturing technologies have been improving rapidly, and now, it is possible to print large scale components as well [61, 94] .
On-site automated and robotic systems
This category includes automated and robotic systems that can be used directly on the construction site to create structures and buildings. The first type of systems used were single task construction robots (STCRs), which can execute a single task in a repetitive manner. A typical example of this type of robots is robotic arms used in automotive manufacturing. These types of robotic arms are usually mounted in movable platforms and are used on site to perform simple tasks. For example [31] , presented a scaffold integrated robotic system that enables a robotic arm to be mounted in a scaffold [49] , presented a robotic system that paint walls [30] , presented a mobile robotic arm that assembles bricks, and [89] presented a concrete spraying robotic system. This approach is very flexible because it could be easily adapted to be used in combination with other traditional construction methods. However, this approach generates other challenges such as the need for additional health & safety requirements, the difficulty to parallelise and to integrate with human workers activities, and the lack of integration with downstream and upstream activities. Robotic on-site factories have been developed to address these challenges. They are factory-like environments on construction sites. Its main intention is to integrate standalone STCRs into controlled environments that enable the implementation of networked robot systems, in which various robots can be used for different types of task in an automated manner, resembling a manufacturing production line. In this same note, research has been carried out that seeks to enable collaboration among various robots to complete more complex tasks. For example [40] , presented a feasibility study to use various robots to build masonry structures [53] . presented a hardware-software system that enables small robots to assemble and disassemble plastic blocks.
Drones can be used to sample extreme environments and to study harsh and unreachable sites [90] . For example, drones have been developed to access and monitor mud eruption zones [29] or even space exploration [82] . The main use-cases for aerial drones are surveying and monitoring tasks [78] ; but terrestrial drones have been developed for these tasks as well. For example, a terrestrial drone has been reported in literature to automate visual bridge inspections [75] , as well as a vehicle that navigates construction sites and collects data for progress monitoring [6] . However, the main application of terrestrial vehicles has been the use of autonomous vehicles and excavators for mining [15] . Drillers and excavators have been automated, and GPS-enabled driverless trucks transport the excavated material in-between locations. The relative simplicity of mining operations tasks, as compared with traditional construction tasks, have enabled the adoption of these technologies. However, for traditional construction sites, there are still many challenges in the automation of earth-moving machines [21] . Also, there are many challenges to be addressed so that drones can be used effectively for construction [59, 74] , including: (i) high initial costs; (ii) low battery life, which restricts operations; for example, most drones have a flight time of fewer than 30 min; (iii) complex operability of hardware and software, which requires additional training and increases costs; (iv) false perceived levels of accuracy and tolerances, which could lead to errors and accidents; (v) stringent regulations that increase adoption costs; and lastly (vi) that drones represent additional risks to health and safety.
Exoskeletons
Exoskeletons are wearable devices that work together with the user as opposed to a robot which performs the task autonomously instead of the worker. Exoskeletons are mechanical devices, worn by the worker, which amplify human performance. Exoskeletons can help construction workers to reduce the high-impact of their job and to improve their productivity by allowing them to lift heavy loads, reduce fatigue, facilitate the use of tools in awkward positions, etc. [10, 27] . Exoskeletons can also contribute to reduce injuries and to maintain a healthier workforce [4] . This is of extreme importance as the repetitive and physically demanding tasks carried out by construction workers can lead to severe strain, injuries and permanent disabilities [79] . In addition, exoskeletons can be a solution to the challenges presented by an ageing construction workforce [66] , by enabling older workers to continue working on site and carrying out physically demanding tasks. However, there are still many challenges to be addressed, including high costs, energy efficiency, safety, and comfortability [18, 41] . Regarding the construction industry specifically [55] , reported the perceived barriers for using exoskeletons including (i) Safety and health concerns as using exoskeletons could increase catch, snag and fall risks; hygiene issues; and a false sense of safety. (ii) Usability concerns, including durability, ruggedness, and versatility. Construction equipment usually is subjected to hard conditions due to the nature of construction activities conducted outdoors in all-weather conditions. Exoskeletons must be capable of enduring these harsh conditions while remaining comfortable and safe to use. (iii) The lack of integration with other Terrestrial, aerial or nautical vehicles that can be piloted remotely or which are autonomous.
• Access to extreme and dangerous environments [90] [29]
[82] [67] • Surveying, inspection and monitoring
• Automated drilling, excavation and earth moving
Wearable devices that work together with the user as opposed to a robot which performs the task autonomously.
• Improve workers productivity: lift heavy loads, reduce fatigue, and facilitate the use of tools in awkward positions.
[10] [27] • Reduce injuries [4] personal protective equipment (PPE). (iv) The initial high costs of adoption and the need for a quick return on investment. Lastly, (v) a significant barrier is the possible low acceptance rates by workers.
Research methodology
A mixed research method was used that combines (i) literature review, (ii) qualitative data collection and analysis, and (iii) quantitative data collection and analysis [19] . This type of mixed research methods has been proved as powerful tools to investigate complex processes and systems in other sectors [36] . This type of mixed methods can also be very beneficial in the AEC area, in which qualitative results can support and guide the quantitative data collection and analysis. Combining qualitative and quantitative analyses helps to explain, categorise and generalise findings [36] . Fig. 1 presents a diagram of the research methodology used and the scope of this study. The first step was to conduct a review of the existing literature on factors that limit the adoption of robotics in the construction industry. In addition to this, focus group discussions (FGs) (qualitative analysis) were used to identify limiting factors that may not have been identified in the literature. Findings from both activities were compiled into a single list of factors. In the second step, quantitative analysis, the results from the previous step were used to design a quantitative data collection instrument (i.e., questionnaire). The questionnaire was administered to specialists in the AEC area in European countries. The identified factors were ranked and categorised (using component analysis), and correlations among them were investigated using the results of the questionnaire. A reliability analysis was carried out on the questionnaire results to validate the internal consistency of the results. Lastly, using the results of the qualitative and the quantitative analysis relevant insights into the factors limiting the adoption of robotics in the construction industry were drawn and explained (factor understanding). The results of this study can then be analysed based in a local context (e.g. a specific country, company and project) and mitigating strategies can be devised to address the specific challenges that limit the adoption of robotics in the construction industry.
Qualitative sampling and analysis
Three FGs were used to collect the opinion of experts on the field regarding factors limiting the adoption of robotics in the construction industry. FGs are very well suited for exploratory analysis as allow the participants to build on arguments from the other participants, which is not the case with individual interviews. Twenty-eight experts from industry and academia participated in 3 cross-disciplinary discussions with a duration of 45 min each. The years of experience of the participants ranged from 6 to 20 years. An overview of the participants and the FGs are presented in Table 2 .
A type of thematic analysis (e.g. Ref. [14] was used for the qualitative part of the study, which includes: (1) data familiarisation, (2) data coding and segmentation, (3) development of themes and (4) grouping of related themes. Table 3 presents the combined findings from the literature review and the FG analysis. Factors identified in literature and in FGs were grouped in the following themes: workforce challenges, economic challenges, cultural challenges, industry-intrinsic challenges, and research & development (R&D) challenges.
Quantitative sampling and analysis
Eleven factors that limit the adoption of robotics in the construction industry were defined based on the findings of the literature review and the qualitative analysis (see Table 4 ). The final list of factors included the most mentioned and discussed factors during the FGs; and new factors extracted from recent literature (from 2016 onwards) that were not discussed during FGs. Then similar factors were combined and rephrased to improve clarity.
A questionnaire was designed to validate and quantify the importance of the eleven factors. A 1 to 5 Likert scale was used in the questionnaire to codify the responses, in which 1 corresponds to the lowest importance and 5 to the highest importance. The questionnaire was pilot-tested by 4 experts (2 from industry and 2 from academia) to ensure the clarity of the questions and the structure of the questionnaire. Experts from construction companies, engineering consultancies, design firms and academia were approached to complete the questionnaire. The participants were selected as follows: 10 from the top construction companies by revenue, 10 from small and medium construction companies, 10 from the top engineering consultancy companies by number of employees, 10 from small and medium engineering consultancy companies, 10 from top design firms by number of employees, 10 from small and medium design firms, and 10 from academia. In total, 70 experts were contacted, and 36 completed questionnaires were received, which represents a 51.4% response rate. The distribution of the respondents is as follows: 16.7% have up to 5 years of professional experience, 38.9% up to 10 years, 25% up to 20 years, and 19.4% more than 20 years. Around 80% of the respondents indicated that they have very high or high expertise with new digital technologies in the construction industry. Fig. 2 presents a Letter-Value plot of the distribution and ranking of the importance of the investigated factors. It is a modified box plot that presents more quantiles and tail behaviour, which gives a quick, clear indication of the response distribution for the 11 investigated factors. The most important factor, according to the quantitative analysis, is (L2) "High initial capital investment", followed by (L10) "No strong need to improve productivity". The least important factors are (L6) "Fragmented nature of the construction industry", followed by factor (L8) "Decreasing public infrastructure budgets". Fig. 2 also shows the mean and median of the responses of all factors. With the exception of L2 and L10, all the factors have similar means and medians. This indicates that all the respondents assigned similar importance to all the factors.
The correlation among factors was also investigated (see Fig. 3 ). None of the factors has a strong correlation with each other. The factors that present weak correlations are (i.e. correlation factor >0.6 & < 0.7): "Decreasing public infrastructure budgets" and "Easy access to labour" (L8 and L9 = 0.65), "Low R&D budgets in the construction industry" and "Fragmented nature of the construction industry" (L7 and L6 = 0.61). The correlation of factors L6 and L7 is also indicated in the component analysis presented below.
Reliability analysis
A reliability analysis was conducted to test the internal consistency of the factors included in the questionnaire. The overall Cronbach's Alpha for this study is 0.76, which is a correlation estimate for randomly equivalent measures; while the overall Gutman's lambda-2 is 0.779, which estimates correlation for parallel measures. Both measures indicate acceptable internal consistency of the data collected in the questionnaire [71] . Table 4 presents the ranked factors according to their mean. The highest ranked factor is (L2) High initial capital investment; while the lowest ranked factor is (L6) Fragmented nature of the construction industry. Table 4 presents the "Cronbach's Alpha if deleted", which identifies factors that may not contribute to the reliability of the dataset and thus can be omitted. The only factor that falls, in this case, is factor L4, Cronbach's Alpha if deleted = 0.77, which is slightly higher than the overall Cronbach's Alpha (0.76). However, this difference is not significant, and factor L4 was kept in the analysis.
Component analysis
Principal Component Analysis (PCA) was carried out to investigate the underlying dimensions of the studied factors and to identify a smaller set of correlated principal factors. PCA is an unsupervised learning technique used to simplify the complexity of high-dimensional data, while retaining relevant patterns. In this case, PCA was used to generate 4 components that group similar and related factors. These four components account for~70% of the variance, as presented in Table 5 . The components, which are abstract groupings, were interpreted into categories and named based on the assigned factors. Category (C1) accounts for 31.31% of the variance (% σ 2 ), category (C2) for 15.05%, and C3 and C4 account for 12.21% and 10.74% (Table 5 ). In total, these four categories capture and explain~70% of the underlying characteristics of all the analysed factors.
The defining factor loading (f) for each factor and the standard deviation of loading factors per factor are also presented in Table 5 . Factor loadings provide an indication of how well the generated components represent the underlying factors. Note that, factor loadings higher than 0.5 are considered as acceptable. In this case, only factor (L3) has a slightly lower factor loading than 0.5, i.e. 0.492; however, it was decided to assign it to component C3 because the difference is negligible. Overall, the analysed data is suitable for PCA, as the KaiserMeyer-Olkin Measure of Sampling Adequacy is higher than the accep- Category 1 (C1), it was titled "Contractor-side economic factors" and includes six factors out of the eleven tested: (L2) High initial capital investment, (L6) Fragmented nature of the construction industry, (L7) Low R&D budgets in the construction industry, (L9) Easy access to labour, (L10) No strong need to improve productivity, and (L11) Lack of government incentives. This category includes the highest number of factors of all the four categories and accounts for the highest % of variance (Table 5) . Category 2 (C2), it was titled "Client-side economic factors" and includes only one factor: (L8) Decreasing public infrastructure budgets. Category 3 (C3), it was titled "Technical and workculture factors" and includes three factors: (L1) Untrained workforce, (L2) Unproved effectiveness/immature technology, and (L3) Current work culture/aversion to change. Lastly, category 4 (C4) was titled "Weak business case" and includes only one factor: (L4) Low return on investment/insufficient demand. These four categories represent the main factors limiting the adoption of robotics in the construction industry, which are discussed in the next section.
Types of factors limiting the adoption of robotics in the construction industry

Contractor-side economic factors
This category encompasses all the factors that relate to the costs that construction companies must incur to adopt robotics in construction; it does not include economic factors affecting the clients or infrastructure owners. This category includes the two highest ranked factors: (L2) "High initial capital investment" and (L10) "No strong need to improve productivity". Regarding factor L2, the high cost of adopting solutions that replace manual labour are well known from other sectors, and its influence on adoption is evident. The high initial capital investments are justified because they will reduce expensive manual labour and increase productivity. However, for many construction companies, these advantages are not always realisable. In a sector where the majority of the companies are small subcontractors and where only a few big construction companies can assign resources to test new technologies, high capital investments represent a major challenge.
Regarding factor L10, low-productivity has been identified as a central characteristic of the construction industry for many years (e.g. Refs. [3, 80] . According to this study, there is not a strong motivation from contractors to improve in this regard. Note that from the client's or infrastructure owner's point of view, this might be different. This finding can be explained, and it is reinforced by some of the other factors grouped in this category, e.g.: (L9) "Easy access to labour". In other sectors (e.g. automotive), it has been identified that easy access to labour reduces the pace at which automation is adopted. It is a similar situation for the construction industry, in which access to labour has not been a significant problem in recent decades; and therefore, it limits the adoption of robotics. Secondly, (L11) "Lack of government incentives", is also perceived as a limiting factor for improving productivity.
This category also includes the lowest ranked factor: (L6) "Fragmented nature of the construction industry". The results of this study indicate that the complex and varied supply-chain required to deliver construction projects and the poor knowledge exchange [2] do not play a major role for the adoption of robotics. The other factor in this category is (L7) "Low R&D budgets in the construction industry", which is characteristic of the construction industry and has been documented in literature when compared with other sectors such as the manufacturing and automotive sectors [44] .
In summary, contractor-side economic factors represent the most notable limitation to the adoption of robotics in the construction industry. This is expected as construction is a low-profit and high-risk industry, in which the adoption of new technologies is not feasible in practice and can affect the survivability of the companies. For example, the average profit margin of the top 100 UK construction companies was just 1.5% in 2017 (TCI, 2018). In other sectors where the profit margins are much higher such as the automotive or manufacturing sector, there is more opportunity to test new technologies.
Client-side economic factors
The main factor in this category is the cost that the client must incur for adopting robotics. It includes factor (L8) Decreasing public infrastructure budgets. This factor identifies the low infrastructure spending across most of the industrialised world in the last decades as a limitation for adoption. For example, the [34] identified the infrastructure spending in 2017 as the lowest in 20 years. Governments are the major clients of all construction and infrastructure companies, and the amount of public spending in infrastructure has a big influence on the adoption of new technologies. In addition, the current tendering practice that prioritises "lowest price" as the most important criterion to award projects represents a big limitation to innovation [87] . In a highly competitive market, if the price is the only selection criteria, construction companies tend to reduce profit margins aggressively, and the adoption of new technologies is restricted. Furthermore, this practice can lead to confrontational behaviour and restricts alternative thinking [63] . Other alternative selection methods exist, e.g. Most Economically Advantageous Tender (MEAT), which includes other criterion besides price such as quality, sustainability, technical and innovative merits, etc. It usually consists of two evaluation phases: an initial technical evaluation phase and a secondary financial evaluation phase. There are various manners to implement MEAT approaches depending on the weighting and formulas used to select the best bid [84] . However, limited infrastructure budgets and short-term decisionmaking prevent the adoption of new evaluation approaches (e.g. Ref.
[46]; reinforcing a negative and mutually-feeding cycle of low-price and low-innovation.
Technical and work-culture factors
This category includes the practical factors that limit the implementation of robotics. These factors concern the technical limitations of current technologies and work-culture related factors. Factor (L3) Unproved effectiveness/immature technology, highlights the concerns from industry stakeholders regarding the readiness of robotics to be used in construction. These views have been identified in other studies as well. For example, in a set of interviews with 11 of the top construction companies and infrastructure providers in the UK, it was found that technical issues of adopting robotics is the second most important barrier to adoption [70] . The first barrier identified is the high complexity of construction tasks that limits the usability and effectiveness of robotic and automated solutions.
Human-robot interaction is also a significant challenge for robotics adoption in general, as described by Ref. [92] . But for the construction industry, it is a critical factor given its labour intensive tasks and the expected gradual adoption of robotics. Effective collaboration between humans and robots will be essential for successful adoption. However, there is very little research that can explain and address the complexity of this interaction. For example [93] , highlighted the lack of studies and theoretical models to predict and explain the perceived safety of construction workers working alongside robots. The authors noted that the high implementations costs for testing human-robot interaction are prohibitively-expensive; and therefore, they developed a testing environment using a virtual reality system. The authors found that there is a common aversion of workers to performing tasks alongside robots and that strictly defined physical areas for robot and human task can be beneficial. Another area with knowledge gaps is the operational requirements for human-robot interfaces [20] . note that the development of robots for construction should consider the specific operational needs of the machine-robot interaction for construction tasks. This is an important consideration as many of the robots used in construction have been adapted from robots designed for other manufacturing activities in other industries (e.g. automotive, etc.).
This category also includes factor (L1) "Untrained workforce"; which can be very relevant as skill gaps in construction workers have been identified as potential barriers to meet low-energy construction targets [81] . In this regard, the structure of the construction labour markets can also be a barrier for upskilling and that employers should engage actively to support skills development [88] . Another factor grouped in this category is (L5) Current work culture/aversion to change, which highlights the effects of the weak innovation culture prevalent in the construction industry [65] . 
Weak business case
The main factor in this category is the unclear value that construction companies can obtain from adopting robotics. It includes factor (L8) Low return on investment/insufficient demand. The central underlying aspect of this category is that there is no hard evidence that adopting robotics will genuinely represent a cost reduction in the delivery of assets. The construction industry is a low-profit and high-risk sector; in which this lack of evidence represents a massive obstacle. More specifically, there are no complete and thorough cost/benefit studies for adopting robotics reported in literature, as they are studies regarding sustainability, for example [73] . It is widely acknowledged that the adoption of robotics has the potential of reducing costs related to labour and injuries. In that same sense, robotics systems are considered as an expensive technology. However, the cost includes the robotic systems, but also software, skilled engineers, and training. Moreover, ensuring safe working environments that include robots is very expensive [60] . Potential time savings have been investigated, for example [77] , have estimated that using robots for specific construction tasks can save up to 50% of the time required. However, these types of studies focus on particular tasks and do not consider the time and cost implications of additional training and safety requirements.
The other challenge included in this category relates to the insufficient demand for robotics and automated systems. One of the limitations of these systems is the lack of flexibility and customisation. In the construction industry, in which every project is different and almost every client is different as well, there is less certainty that the investments made to implement robotic systems can be exploited in future projects with different clients. For example, regarding prefabricated building components [33] , found that there is no sufficient demand for prefabricated construction components, they represent a higher capital cost, and there is no clear evidence of advantages regarding costs savings.
Discussion and comparison with other studies
There are not that many other studies reported in literature that address the factors limiting the adoption of robotics in the construction industry. Most of the studies only address the subject tangentially or focus on particular country-level conditions that affect adoption (e.g. Ref. [52] . However, to contribute to the discussion of this topic and evaluate the relevance of the findings of this study, the findings of the other two studies have been compared in this section. The studies are by Ref. [64] ; which conducted a survey and interviews to identify and rank the 8 major barriers for adoption of robotics in the construction industries of Japan, Malaysia and Australia; and [16] ; which presented a discussion on the challenges for the adoption of robotic in-situ fabrication. Table 6 presents a list of the identified factors by the three studies.
The most significant factors identified by Ref. [64] are the high cost of implementation and the fragmented nature of the construction industry. The least significant ones were unavailable technology and not accepted by the worker's unions [64] . and this study identified the high implementation costs as the highest ranked factor. However, the fragmented nature of the construction industry is ranked second by Ref. [64] and last by this study. There are essential differences in the methodologies of both studies, which can explain these differences. The main differences between [64] study and this study include: (a) this study used FGs and literature review to identify the potential factors instead of only literature review. (b) This study used FGs instead of individual interviews. FGs are more effective than individual interviews for exploratory research as participants can get inspiration and build upon arguments from others [19] . Thus, based on (i) and (ii), this study captured a broader and more complete set of up-to-date limiting factors.
On the other hand, the challenges discussed by Ref. [16] are based on the author's experience in developing robotic systems for the construction industry. Note that the challenges discussed are not ranked. Most of the discussion focuses on the technical challenges to develop a robotic system actually useable in the construction site complex conditions [16] . note that the way buildings are designed poses a great challenge to the adoption of robotics due to their low modularity, reusability, and information technology sophistication. Also, there are still many technical challenges including a lack of functional integration, ineffective localisation, planning, and guiding algorithms, inadequate sensor technology, insufficient robot intelligence, and the difficulty of robots to operate on complex and uncontrolled environments. Almost all of the identified factors by this study are discussed by Ref. [16] ; this is another indication that the methodology used was effective in capturing the relevant factors.
The most important difference of this study and the other two studies compared here -and other studies in literature (e.g. Ref. [52] -is that this study in addition of identifying and ranking barriers for adoption, it also employed principal component analysis to define four categories that represent the underlying factors. This is a very relevant contribution as it facilitates understanding and devising appropriate plans of action to address the low levels of adoption. This study has distilled the myriad of factors limiting the adoption of robotics in the Table 6 Limiting factors identified by this study and other studies in literature. Factors included in this study and [64] are in bold, factors included in this study and [16] are underlined, and factors present in the three studies are in bold and underlined.
Rank
This study [ construction industry into four clear and understandable categories. This categorisation will help stakeholders to devise strategies to address various factors that share similar characteristics.
Implications for practice
The findings of this study have significant implications for construction companies, infrastructure owners, asset managers and planners, and policymakers. Potential actions to address the four categories discussed in section 6 are presented here.
Regarding contractor-side economic factors, the main priority should be to lower the level of risk in projects. If a new digital technology does not reduce risk, it does not represent a proper driver for uptake. On the contrary, the adoption of many new digital technologies represents an increase of risk, particularly to SMEs that do not have the financial stability to absorb new risks. This is very relevant as the majority of construction companies are SMEs. In addition, this study indicates that an increase in productivity is not a significant factor that can drive up adoption. Stakeholders should consider first how robotics can reduce risks for construction companies, which will justify the high initial capital investment.
Regarding client-side economic factors, governments as the biggest construction clients, have many tools at their disposal to incentivise the adoption of new technologies in the construction industry that range from fostering collaboration with academia and research institutes, economic incentives, additional provisions in contracts all the way to mandates. These tools have varying degrees of effectiveness and represent different levels of disruption. For example, voluntary programs for collaboration and economic incentives are not disruptive but may be too slow. On the other hand, mandates are very disruptive but can speed up adoption. The UK mandate for the use of BIM Level 2 for all public construction projects in 2016 caused great disruption and stress, but it demonstrated that client requirement is a significant driver for uptake [32] . Stakeholders should weight the benefits of the various approaches to drive uptake, considering the level of disruption and stress that they create.
Regarding technical and work culture factors, the major aspect that stakeholders should consider is the problems posed by human workers working alongside robots. Intensive collaboration with academia and research institutes is required to address this challenge. Note as well, that most of the research of robotics in construction has been focused on the development of new systems, but considerable efforts should be made on investigating the new of arising issues of the interaction between construction workers and robots.
Regarding the value that robotics can provide to the construction industry, this study shows that there are no sufficiently detailed cost/ benefit studies for adopting robotics in construction. It is not enough to calculate the amount of time saved and the corresponding labour costs. These studies should include for example the costs for installation, accessories, maintenance, spare parts, training, energy, additional safety and health considerations, new facilities, inflation, deprecation, finance mechanisms, etc. Additionally, there are no studies that investigate the market capacity to absorb the demand for robotic-enabled construction. It is not clear whether the existing construction market structure and dynamics justify large capital investments in robotics.
Regarding theoretical implications, this study is one of the few studies that has focused on industry-specific challenges. More importantly, in contrast with other studies in which only anecdotical evidence is provided regarding challenges for adoption; the mixed research method used in this study provides significant evidence on where the main challenges reside. In general terms, the findings of this study align with existing knowledge. However, this study provides an additional level of analysis and understanding that will support the creation of effective mitigation strategies.
Conclusions and future work
Robotics has the potential to provide numerous advantages to the construction industry; however, the levels of adoption are very low. This paper presented a qualitative and quantitative study of the industry-specific challenges that limit the adoption of robotics in the construction industry. This study used a mixed research method to identify, categorise and rank the main factors limiting the adoption. The main identified challenges were grouped in four categories in order of importance: (1) Contractor-side economic factors, (2) Client-side economic factors, (3) Technical and work-culture factors, and (4) Weak business case factors. A reliability analysis was conducted to test the internal consistency of the identified factors; which indicated an acceptable internal consistency of the collected data. A correlation study was carried out, as well. No strong correlation was found among factors. A more detailed study on causality and secondary effects should be carried out to identify whether factors reinforce each other and can be addressed together or separately. This study helps stakeholders understand the main industry-specific factors limiting the adoption of robotics in the construction industry. The presented findings have substantial practical relevance as they can inform stakeholders on devising strategies to mitigate the identified factors. In addition, it is one of the first studies that presents significant evidence on where the main limitation factors for adopting robotics in the construction industry reside.
This study was carried out with companies with operations in Europe. While many of the big companies are transnational and have operations all over the world, other future studies should focus on investigating other parts of the world and comparing the results with this one. Such an approach would help to identify regional differences in levels of adoption and in the importance of the limitations. These types of studies will help to learn from best practices in different regions as well. Future work also includes a more granular study regarding the limitations and prospects for specific construction tasks. For example, a recent study in the UK shows that the main tasks that stakeholders would like to automate are: (1) concrete construction, (2) survey and monitoring, and (3) drilling, excavation and demolition [70] . In order to quicken adoption, specific strategies can be devised to address those specific tasks. Also, a study regarding how the adoption of other technologies (artificial intelligence, augmented reality, Internet of Things) can drive or limit the adoption should be carried out. The authors believe that synergies can be found and exploited among different technologies to fast forward the adoption of new technologies in the construction industry. Lastly, the impacts of robotics on the workforce must be investigated thoroughly. There is a common expectation that robotics and other technologies will substitute workers, but also provide comparative advantages [23] . These expectations must be studied in a systematic manner to ensure successful adoption and avoid major disruptions that can lead to unintended economic and social problems.
